BACKGROUND: Random mating is a common assumption in studies of insecticide resistance evolution, but seldom tested despite its potential consequences. Therefore, the existing evidence of female choice and insecticide resistance in populations of the maize weevil (Sitophilus zeamais), a key pest of stored cereals, led to the assessment of mating preferences and their association with insecticide resistance in this species.
INTRODUCTION
Insecticide resistance and assortative mating are two phenomena rarely considered together, although the latter is a pest biology trait that potentially affects the evolution of the former. 1, 2 Assortative mating is a potential consequence of mate choice, which is a target of intensive study and speculation regarding its evolutionary causes. 3, 4 Therefore, the relative neglect of non-random mating owing to mate choice and the potential consequences for the evolution and spread of insecticide resistance is curious, particularly considering that the traits involved in assortative mating are often not correlated with selection for survival, but may affect insecticide control efficacy.
1,3 -5 Random mating is a frequent assumption in models of insecticide resistance evolution, 1, 6 even when individual variation is considered in such models. 7, 8 Nonetheless, this assumption has proved to be faulty in a few instances. Loss of mating competitiveness, for example, may lead to mating disadvantage as a consequence of fitness costs associated with insecticide resistance, which may interfere with mate selection. 9 -11 Mating preferences are simpler to recognise and explain when sex-specific attributes and qualities are evident, such as morphological ornaments and gift provision. 4, 12 Nonetheless, subtle traits and behavioural peculiarities may affect mating behaviour and evolution of resistance to insecticides, 13, 14 which provide a marked contrast to asexual organisms. 15 In fact, mate selection based on secondary and non-resource-based attributes associated with a hidden quality, such as pesticide resistance, also occurs, although it is usually harder to recognise. 5 Assortative mating by size (or weight, if used as a surrogate for size) is one of the most prevalent mating patterns among natural populations, including arthropod populations. 16 This mating pattern is frequently associated with mate choice, although it may also result from greater mate availability and mating constraints relative to size differences between sexes. 16, 17 Furthermore, size assortative mating may also exhibit a marked influence on population demography and genetics. 4, 16, 18 Therefore, size assortative mating is potentially relevant for pest management if occurring in association with management-relevant traits in arthropod pest species, 4, 16, 18 a possibility that is currently neglected.
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The potential association of insecticide resistance and assortative mating, or more particularly size assortative mating, is potentially important for pest management in scenarios where size differences exist between insecticide-resistant and insecticide-susceptible arthropod pest populations. Pyrethroid resistance and associated body mass (and size) variation do exist among strains of the maize weevil, Sitophilus zeamais Motsch. (Coleoptera: Curculionidae), a key pest of stored cereal grains of cosmopolitan distribution. This trait co-occurrence among maize weevil strains and evidence of assortative mating in this species make it a suitable model to test the potential effects of mate choice on insecticide resistance in this weevil. Insecticide resistance among Brazilian populations of the maize weevil have been reported since the early 1990s and remains a problem. 19 -26 Reported differences in body mass (and size), energy metabolism and fluctuating asymmetry (i.e. subtle random deviations from perfect bilateral symmetry, which is frequently associated with mate preference) among maize weevil strains were suggestive of potential sexual selection and consequent assortative mating among them. 27 -32 Male-producing (aggregation) pheromone in grain weevils and the active pursuing of males by female maize weevils also reinforce this expectation. 33 -35 Indeed, a recent study indicated female mating choice in two strains of the maize weevil of distinct genetic background, although the underlying basis of the mate preference was not recognised. 36 These findings led to the present study aimed at assessing assortative mating in the maize weevil and its potential association with pyrethroid resistance.
We hypothesised that size, measured as body mass of individual insects, may play a relevant role in the mate preference of female weevils, a trait that is also associated with pyrethroid resistance in Brazilian strains of this species. 27, 28 Female choice, but not male choice, was detected in the maize weevil, 36 and although body mass was unable to explain the choice, only two strains of distinct genetic background were used in this initial study. This potentially compromised the resolution of such detection, which is likely to be aided by other traits, as in cases of lack of sex dimorphism and resource-based selection. 5 Therefore, a pool of eight distinct field-collected populations exhibiting varying levels of pesticide resistance was used in this study to obtain a deltamethrin-selected strain with the same genetic background of the unselected (thus susceptible) strain. Mating preference and the reproductive output of each cross were also assessed to allow the recognition of any eventual association between insecticide resistance and mate choice with potential fertility consequences.
MATERIALS AND METHODS

Insects
Twenty pairs of maize weevils (S. zeamais) were randomly obtained from each of eight field-collected populations sampled between 2010 and 2011 and maintained as large laboratory colonies (<500 individuals per container) to minimise the loss of genetic variability. These field populations exhibited varying levels of insecticide resistance (mainly pyrethroid resistance, but also organophosphate and phosphine resistance). 24, 26, 27 The gathered pairs of each population were subsequently placed together in a 3 kg transparent glass jar providing a low competition environment without resource limitation. These weevils of different genetic background were allowed free mating for five successive generations (i.e. about 150 days), creating a diverse gene pool from which insecticide-resistant and insecticide-susceptible lines were subsequently branched out. The insect colonies were always maintained within a controlled environmental room at a temperature of 27 ± 2 ∘ C, 70 ± 10% relative humidity and a 12:12 h photoperiod (L:D).
Selection for deltamethrin resistance
The diverse stock colony was subjected to a concentrationmortality bioassay with the pyrethroid deltamethrin (25 g AI L −1 synergised with piperonyl butoxide at 250 g AI L −1 , emulsifiable concentrate; Bayer CropScience, São Paulo, Brazil). The insecticide was sprayed as a water emulsion at a rate of 1.0 mL per 500 g of maize kernels (13% moisture content) placed in a rotatory stainless steel container for homogenisation until the residue dried (about 1 h later). An artist's air brush (Sagyma SW440A; Yamar Brasil, São Paulo, Brazil) connected to an air pump (Prismatec 131A Tipo 2VC; Itu, São Paulo, Brazil) was used for spraying at 0.7 kgf cm −2 pressure. Four deltamethrin concentrations were used (0.125, 0.25, 1.25 and 2.50 ppm), in addition to a control treatment where only water was used to correct for eventual natural mortality. The sprayed maize kernels (15 g) were placed into 25 mL glass vials into which 20 non-sexed adult insects (<1 week old) were released, thus constituting the experimental unit. The upper portion of each vial had its inner walls coated with Teflon ® PTFE (DuPont, Wilmington, DE) to prevent the insects from escaping; although the vials were left uncapped, they were covered with organza tissue attached with a rubber band. Five replicates were used for each insecticide concentration, and the vials were maintained under the same controlled conditions as used for the weevil colony maintenance. Weevil mortality was assessed after 24 h exposure to the dried insecticide residue by prodding each individual with a fine hair brush; the insect was considered to be dead if it was unable to walk the length of its body.
Selection for deltamethrin resistance started after the five generations of free mating on the freely interbreeding stock colony and after characterisation of its deltamethrin susceptibility. This strain was then subjected to five cycles of deltamethrin selection over six consecutive generations of three established selection lines, in opposition to the establishment of three unselected lines derived from the same colony stock. The selection for deltamethrin resistance was carried out by exposing adult weevils to the LC 50 estimated for the previous generation and using the surviving individuals to maintain the three independent selected lines. Concentration-mortality bioassays were carried out at each generation, except for F 2 owing to lack of insects, to characterise its resistance to deltamethrin following the methods previously described. The following concentrations (besides the control) were used for each generational bioassay: 
Mate choice bioassays
Dichotomous choice tests were used to test whether there was strain mating preference among the chooser strain and sex using body mass (characterised as either lighter or heavier) of the chosen insects as a covariate surrogate for size. Thus, each newly emerged virgin weevil (one-day-old males and females) was obtained from the selected (or unselected) lines, sexed using respective patterns of rostrum length, texture and punctuation, 37, 38 isolated in 25 ml glass tubes with maize kernels for 3 days (for sexual maturation), wileyonlinelibrary.com/journal/ps weighed on an electronic scale (model XS3DU; Mettler Toledo, Columbus, OH) and randomly code marked on the thorax using white nail polish to allow recognition of sex and strain before proceeding with the mate choice bioassay. 36 Each single female or male insect of the deltamethrin-selected or unselected line was placed in a petri dish mating arena (9.0 × 0.50 cm, coated with Teflon ® PTFE) with two members of the opposite sex and from the two divergent strains used (i.e. deltamethrin selected or unselected), each recognised either as the lighter or the heavier of the possible mating choices. The insects were allowed to mate and followed for 10 min or until coupling was clearly recognised. 35, 36 Upon mating completion and mate choice recording, the weevils were recovered and placed in individual vials (25 ml with maize kernels), and the procedure was repeated with the same insects used for each mating bioassay for three consecutive days. At least seven couples for each line and treatment combination were used in these consecutive bioassays.
Reproductive output
The reproductive output of the different mating combinations was assessed using 1 L glass jars containing 300 g of maize kernels. Ten pairs of newly emerged weevils (<3 days old) were used from each of the four possible mating combinations [i.e. resistant female and male (♀R × ♂R), susceptible female and male (♀S × ♂S), resistant female and susceptible male (♀R × ♂S) and susceptible female and resistant male (♀S × ♂R)]. These weevil pairs were released in each jar and removed 28 days later following methods described earlier for this species. 39 -41 The removal of the parental pairs allowed unbiased recording of the offspring of the predetermined mating combinations. The progeny emergence (i.e. fertility) was assessed until no more progeny emerged, some 100 days after the start of the experiment. The experiment was replicated at least 3 times, each one with a set of replicated lines of each diverging strain (i.e. deltamethrin selected and unselected).
Statistical analyses
Concentration-mortality data were subjected to probit analyses (PROC PROBIT, SAS software; SAS Institute, Cary, NC), and 95% confidence intervals for resistance ratios were estimated following Robertson and Preisler, 42 and considered to be significant if they did not include the value 1. Logistic regression (PROC LOGISTIC, SAS software; SAS Institute) was used to test whether the strain and sex of the choosing individual, and the body mass (and thus size) of the chosen weevil, may be playing a role in mating selection. The dichotomous results from the mating bioassays were subjected to randomness 2 -test using Yates's correction for continuity. 43 The relationship between the weevil chooser and the chosen weevil body mass was tested using correlation analysis (PROC CORR, SAS software; SAS Institute). Regression analyses were used to assess the gain by selection with deltamethrin exposure and to model weevil fertility with time (number of adult progeny produced per female) using the curve-fitting procedure of TableCurve 2D (Systat, San Jose, CA). The significant regression models (P < 0.05) were always tested from the simplest (linear and quadratic) to more complex models, using parsimony, high F-values (and mean squares) and steep increases in R 2 with model complexity as criteria for model selection; residual distribution was checked to validate parametric assumptions. The overall fertility of each mating type was subjected to a two-way analysis of variance (female and male strain as factors); assumptions of normality and homoscedasticity were checked, and no data transformation was necessary (PROC UNIVARIATE, SAS software; SAS Institute).
RESULTS
Selection for deltamethrin resistance
Selection for deltamethrin resistance was successfully accomplished within six generations, reaching high levels of resistance (i.e. >100-fold) after five cycles of selection (Table 1) . The gain by deltamethrin selection was only mild for the four initial generations, but experienced a steep increase with the fifth cycle of selection when compared with the unselected weevil lines (Fig. 1). 
Mating preference
The results of the dichotomous free-mating bioassays subjected to logistic regression to test whether mating preference was dependent on the chooser strain and sex, as well as the previous selection and chosen weevil body mass, provided significant results ( 2 = 13.99, df = 5, P = 0.001). Previous mate selection did not affect significantly mate choice, nor the strain and sex (besides their interaction) of the chooser weevil, regardless of its sex (Table 2) . Nonetheless, the body mass of the chosen mate played a significant role in mating preference (Table 2) , although the correlation between chooser and chosen body mass was not significant (r = 0.11, P = 0.20, n = 144). When only male choice was considered, the logistic regression was not significant ( 2 = 4.85, df = 4, P = 0.30), unlike when only female choice was considered ( 2 = 12.28, df = 4, P = 0.01). Therefore, female mating preference was detected and was significantly affected by the chooser strain and the interaction between chooser strain and chosen body mass ( 2 = 5.39, df = 1, P = 0.02 and 2 = 4.60, df = 1, P = 0.03 respectively). This finding is a likely consequence of the significant association between deltamethrin resistance and heavier insects ( 2 = 7.38, df = 1, P = 0.007) (Fig. 2 ).
Size assortative mating
The preference for heavier (and larger) weevils was subsequently tested on the basis of the strain and sex of the choosing weevil, attempting to provide evidence of possible size assortative mating among weevils and its potential association with pyrethroid resistance. Again, male weevils did not exhibit significant size mating preference ( 2 < 1.06, df = 1, P > 0.30), nor did the pyrethroid-resistant females ( 2 = 1.04, df = 1, P = 0.31) (Fig. 3) . Nonetheless, susceptible female weevils exhibited significant size assortative mating, preferring heavier males as mating partners ( 2 = 5.83, df = 1, P = 0.015) (Fig. 3) .
Reproductive output
The overall fertility was significant only at P = 0.10, and only owing to the female strain (F 1,12 = 3.40, P = 0.09), not the male strain (F 1,12 = 0.12, P = 0.73), with matings involving susceptible females (regardless of the male strain) leading to higher overall progeny production (♀S × ♂S: 361.00 ± 39.87 weevils; ♀S × ♂R: 336.33 ± 66.51 weevils; ♀R × ♂S: 284.00 ± 51.32 weevils; ♀R × ♂R: 264.00 ± 33.91 weevils). More importantly though, the non-cumulative fertility results of the four possible mating combinations provided significant non-linear regression (peak) models with distinct parameters indicating different reproductive outputs for each mating combination (Table 3) . Again the effect of female strain was stronger, with susceptible matings leading to higher and earlier fertility peaks, followed by matings between susceptible female and resistant male (Fig. 4) . Matings involving resistant females led to lower fertility, particularly when mated with deltamethrin-resistant males, which provided a nearly 30% lower fertility peak with a nearly 3 day delay compared with the susceptible mating and accounting for a significant demographic impact (Table 3 and Fig. 4 ).
DISCUSSION
The potential association between size assortative mating and insecticide resistance was the target of the present study, in which we hypothesised that size, measured as body mass, may be associated with pyrethroid resistance in Brazilian populations of the maize weevil. Variation in body mass and its association with insecticide resistance were previously reported in this species, 27, 44 and a recent study recognised female mating preference in the maize weevil, although the basis of such preference was not detected. 36 While focusing on deltamethrin-susceptible and deltamethrin-resistant strains with the same genetic background, unlike in the previous study by Guedes et al., 36 we were able to detect size assortative mating by the susceptible female weevils, thus favouring matings with deltamethrin-resistant males, which are heavier.
Assortative mating in arthropods can be explained by three non-exclusive hypotheses -mate choice, mate availability and mating constraints. 16 Mate choice takes place when males, females or both exercise choice, establishing a tendency of one type to pair with another specific type. In contrast, mate availability is based on the tendency of a sex to mate with the more noticeable members of the alternative sex, while mating constraints refer to the reduction in probability or duration of pairing caused by either physical or energetic limitations for courtship, pairing or mating. The lack of correlation between female and male body mass in our study and that of Guedes et al., 36 which would provide support for the mate availability hypothesis, and the lack of any strong (and general) sexual selection criteria among maize weevils, expected under the mating constraint hypothesis, 16, 17 indicate mate choice as the likely cause of assortative mating in the maize weevil.
There is no shortage of empirical evidence of mate choice, and particularly of female choice, among arthropods. 16 -18 Among insects of stored products, for instance, mutual mate choice was reported in the hide beetle Dermestes maculatus De Geer (Coleoptera: Dermestidae), 18 and female mating preference was detected in the red flour beetle Tribolium castaneum (Herbst) wileyonlinelibrary.com/journal/ps (Coleoptera: Tenebrionidae). 45 Thus, the detection of female choice in the maize weevil is not a surprise, despite the common association between female mating preference and elaborate male traits or male resource provision, both of which are apparently absent in grain weevils. 35, 36, 46 Female choice may seem more difficult to explain in such circumstances, but not if potential indirect benefits (e.g. without any direct measurable benefits, such as genetic benefits) are considered in addition to direct benefits. 4, 5 Furthermore, the potential occurrence of sensory exploitation (i.e. exploitation of pre-existing biases of the female sensory system), genetic compatibility and sexual conflict (i.e. sexes' incompatible optima) also lent credence to the occurrence of female choice without elaborate male ornaments and resource provision. 3, 4 Assortative mating due to female choice is difficult to demonstrate because the preference may result from a male advantageous trait allowing it to outcompete its rivals, or may be confounded by male-male competition. 16 Indeed, enhanced male competitiveness has been reported in insecticide-resistant mosquitos and red flour beetles, 45, 47 and may also take place in the maize weevil, particularly if the resistant strain was subjected to extended and intensive selection; 36 however, this is not the case in the present study and for the selected deltamethrin-resistant strain used here. Male-male competition may also make difficult the detection of female choice leading to assortative mating. However, female weevils actively pursue male weevils [the gender Table 3 .
that produces (aggregation) pheromone], 33 -35 lending further credence to the occurrence of female choice rather than (precopulatory) male-male competition in the assortative mating detected in our experimental set-up. That said, male-male competition does seem to occur among grain weevils, where female-mounted males use their extended legs to fend off intruding males. 35 The long mounting/coupling period observed in the maize weevil mating behaviour, and also in the related rice weevil, when a 1 h mating is enough for successful copulation, indicates male guarding behaviour. 33, 36, 46 However, male-male competition among maize weevils does not seem to interfere with female choice, but potentially favours assortative mating, and size assortative mating in particular, in these species.
Size assortative mating is the most common mating pattern in natural animal populations, including arthropods. 16, 17 Therefore, the detection of size-related assortative mating in the maize weevil is not a surprise, although previously undetected. 36 However, the previous study of mating behaviour and mate choice in maize weevil was performed with only two fairly distinct strains with different genetic backgrounds likely compromising the detection of such a pattern, particularly considering that the body mass was considered in absolute terms, not in relative terms in a dichotomous choice. Furthermore, size-directed female choice was significant only among insecticide-susceptible females, which are usually Table 3 . Summary statistics of non-linear regression analyses of the non-cumulative fertility curves (Fig. 4) for each mating type of the maize weevil S. zeamais [i.e. resistant female and male (R × R), susceptible female and male (S × S), resistant female and susceptible male (R × S) and susceptible female and resistant male (S × R)]. All of the equation parameters are significant at P < 0.05 by Student' t-test smaller than deltamethrin-resistant females, and favouring heavier males, which are usually resistant to deltamethrin based on our selection. Sexual selection, assortative mating and mating preference vary not only among species but also within species, among populations, 4 as seems to be the case for size assortative mating in the maize weevil. A previous study on the mating behaviour of maize weevil detected female choice, but not size assortative mating, 36 and here we detected size assortative mating only among susceptible female weevils, reinforcing the within-species variation in this mating pattern. This finding is also indicative of a likely multimodal pattern of choice, where size is an important trait, but may not be the main one depending on the population. Association of highly heritable traits, such as size (or body mass) and insecticide or disease resistance, are potential candidate targets for sexual selection and intrasexual competition. 4, 16 Indeed, body mass seems to play a significant role in female preference, at least among some populations of maize weevil, likely associated with other untested morphological traits, chemical cues or behavioural traits. Nonetheless, this is not the case for insecticide resistance, which is rather an associated trait inadvertently favoured by female preference, and maybe also by male-male competition, and consequently by assortative mating.
The mating preference of insecticide-susceptible female weevils for heavier males, which are usually the deltamethrin-resistant ones in the pair offered for mating, leads to a size assortative pattern of mating that favours the evolution and spread of deltamethrin resistance alleles in the weevil population. However, deltamethrin resistance in the selected strain of maize weevil from our study exhibits an associated fitness cost impairing the reproductive output of the resistant insects. Such a fitness cost associated with insecticide resistance is a common assumption and of frequent occurrence, albeit not universal. 48, 49 This association allows the momentary suppression of use of this particular insecticide aimed at the re-establishment of susceptibility after a few generations as this trait will erode in the population. 6, 50, 51 Curiously, the fitness cost detected in association with deltamethrin resistance in the maize weevil strain under scrutiny was negligible in males, and virtually undetectable when they crossed with susceptible females. Therefore, progeny production will not be compromised by the (susceptible) female preference for deltamethrin-resistant males from our study, compromising the management strategy indicated above and still favouring the evolution and spread of deltamethrin resistance alleles in the weevil population, a reason for management concern. The generality of such a trend among populations of the maize weevil and the potentially associated traits contributing to assortative mating in this pest species are issues worthy of future attention. This is so because they are likely to shed further light on insecticide resistance management and will assist in better recognising the limitations of the prevailing models for the evolution of insecticide resistance, again with management implications.
